N O synthesized from arginine by endothelial nitric oxide synthase (eNOS) is a potent vasodilator and a critical modulator of blood flow and blood pressure. In addition, it mediates vasoprotective actions through inhibiting smooth muscle cell proliferation, platelet aggregation, and leukocyte adhesion. Under pathophysiological conditions associated with endothelial dysfunction, such as diabetes, hypertension, or hypercholesterolemia, supply of the substrate arginine seems to be limiting for NO synthesis. 1 This is in spite of intracellular arginine concentrations sufficiently high to saturate eNOS, a phenomenon termed the arginine paradox. 2 In order to understand this paradox, it seems important to elucidate the intracellular substrate sources for eNOS. Our previous studies in human endothelial EA.hy926 cells have demonstrated the existence of two arginine pools: pool I can be depleted by extracellular lysine through an exchange mechanism mediated by membrane transporters such as the cationic amino acid transporter 1 (CAT-1) or the system y ϩ L transporter 4F2hc/y ϩ LAT2. 3 Both transporters are expressed in endothelial cells and catalyze the exchange of cationic amino acids. 4, 5 In addition, 4F2hc/y ϩ LAT2 mediates also the exchange of extracellular neutral amino acids against intracellular cationic amino acids. 6 In contrast to the arginine pool I, pool II is not freely exchangeable with extracellular lysine, but accessible to eNOS, thereby rendering eNOS independent of extracellular arginine. 3 The arginine paradox might therefore be explained by alterations in pool II or an impaired access of eNOS to pool II. Recent findings suggest that an increased production of the endogenous inhibitor asymmetrical dimethyl arginine (ADMA), derived from breakdown of proteins containing methylated arginine residues, might underlie the arginine paradox. [7] [8] [9] Plasma concentrations of ADMA are increased in patients suffering conditions associated with endothelial dysfunction. However, even the highest ADMA concentrations found in plasma from patients with renal failure are 5-to 10-fold lower than the plasma arginine concentrations. It is therefore tempting to speculate that ADMA might specifically accumulate in the arginine pool II of endothelial cells, thereby exerting a larger inhibitory action on eNOS than anticipated from the ADMA plasma concentration. In order to better understand the arginine paradox, the present study was designed to further characterize the argi-nine pool II in human endothelial cells. In particular, we addressed the question if the arginine pool II is specific for endothelial cells and what constitutes the intracellular source for the arginine in this pool. In addition, we wondered if pool II stands in exchange with neutral amino acids via plasma membrane transporters such as system y ϩ L.
Materials and Methods

Cell Culture
The human cell line ECV304 (a variant of the T-24 bladder carcinoma cell line), and the rat lung fibroblast cell line RFL-6 were obtained from ATCC, Bethesda, Md. The human endothelial cell line EA.hy926 was a gift from C.-J. S. Edgell, University of North Carolina at Chapel Hill. RFL-6 cells were grown in F-12 medium, supplemented with 4 mmol/L glutamine, and 15% fetal bovine serum (FBS). EA.hy926 and ECV304 cells were grown in Dulbecco's modified Eagle's medium (DMEM), supplemented with 4 mmol/L glutamine, and 10% FBS. Cells were regularly tested for mycoplasma infection using 4Ј,6-diamidine-2Ј-phenylindole dihydrochloride (DAPI, Roche Molecular Biochemicals). No contamination could be detected. Human umbilical vein endothelial cells (HUVECs) were isolated in the department of Medicine II (Johannes Gutenberg-University, Mainz, Germany) as previously described. 10 Cells were expanded in Earl's medium 199 (supplemented with 20% FBS, penicillin, streptomycin, and 5.3 mmol/L glutamine) on fibronectin-coated dishes and used in the third passage. For incubation of cells with amino acids, only the L-isomers were used.
Transfection of ECV304 Cells
ECV304 cells grown to 80% confluence in 6-well plates (35 mm diameter) were given fresh DMEM supplemented with 10% FBS. Cells were then incubated for 8 hours with 50 L of a transfection mixture containing 5 g DNA [bovine endothelial nitric oxide synthase (eNOS) in pcDNA3 11 ] and 15 L DOTAP transfection reagent (Roche). Two days after transfection, cells were split into new plates (100 mm in diameter), and stable transfected cell clones were selected in medium containing 1 mg/mL G418 (PAA).
RFL-6 Reporter Cell Assay
All cells were grown to confluence in 6-well plates (diameter 35 mm) and washed twice in Locke's solution (LS; composition: 154 mmol/L NaCl; 5.6 mmol/L KCl; 2 mmol/L CaCl 2 ; 1 mmol/L MgCl 2 ; 10 mmol/L HEPES; 3.6 mmol/L NaHCO 3 ; 5.6 mmol/L glucose). Cells were then preincubated in LS supplemented with the indicated amino acids and for the last 30 minutes with 20 U/mL superoxide dismutase (SOD, Roche Molecular Biochemicals) for 0.25 to 4 hours at 37°C. The solution was renewed 2 (0.25-and 0.5-hour incubations) or 3 (all others) times. For NO measurement, cells were incubated for 2 minutes in the same solution supplemented with 20 U/mL SOD, 0.3 mmol/L 3-isobutyl-1-methylxanthine (IBMX, Serva) and 10 mol/L calcium-ionophore A23187. The supernatants were then transferred to the RFL-6 cells (that had been washed twice in LS and preincubated in LS supplemented with 0.3 mmol/L IBMX for 30 minutes at 37°C). After the 2 minutes incubation at 37°C, the supernatants were removed from the RFL-6 cells, 1 mL ice-cold sodium acetate buffer (20 mmol/L, pH 4.0) was added, and the cells were rapidly frozen in liquid nitrogen. For repeated measurements, the same EA.hy926 cells were incubated 4 more times with fresh LS containing all supplements (for 2 minutes each time), and the supernatants were transferred each time to new RFL-6 cells. The cGMP content of the RFL-6 cells was determined by radioimmunoassay as described previously. 12 
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated using the RNeasy Mini Kit (Qiagen) and quantified by the absorption of the eluate at 260 nm. One-Step 
Analysis of the Intracellular Amino Acid Content
EA.hy926 cells grown in 100-mm-diameter cell culture dishes were washed twice with LS and then preincubated for 0.5 or 2 hours in LS supplemented with 1 mmol/L of the amino acids specified in Figure  6 . They were then washed 3 times in ice-cold phosphate buffered saline (PBS) and lysed in 1.5 mL ice-cold EtOH (70%). Homoserine was added as internal standard (50 nmol/1.5 mL). After 30 minutes at 4°C, cell debris was sedimented at 14000g for 10 minutes. Supernatants were extracted two times with 0.5 mL petrolether each, and then dried by vacuum centrifugation. Pellets were resuspended in 400 L borate buffer pH 10. For precolumn derivatization with o-phthaldialdehyde (OPA), 150 L of the eluate was used (Autosampler L7250 Merck). Amino acid derivatives were separated on a Nova-Pak column (C18, 4 m 3.9ϫ300 mm, Waters) using a two solvent gradient (acetonitril/50 mmol/L sodium acetate, pH 7.0). The flow rate was 0.8 mL/min. Fluorescence (excitation wavelength, 330 nm; emission wavelength, 450 nm) was monitored with a Shimadzu RF-530 fluorometer and quantified using the analysis program D-7000 HSM (Merck).
Statistical Analyses
Statistical analysis was performed using one-or two-way ANOVA analysis of variance with the Bonferroni post hoc test. Values of PϽ0.001, PϽ0.01, and PϽ0.05 were marked by three, two, and one asterisks, respectively. Values of PϾ0.05 were considered not significant and marked by NS.
Results
The substrate supply of eNOS was investigated in three different cell types: EA.hy926 endothelial cells, HUVECs, and ECV304 bladder carcinoma cells stable transfected with an expression plasmid for eNOS (ECV-NIII-2 cells). In all three cell types, eNOS activity (measured by means of the RFL-6 reporter cell assay) was Ca 2ϩ -dependent and reduced to basal levels in the presence of the eNOS inhibitor L-N Gnitro-arginine methyl ester (NAME) (data not shown). The magnitude of the cGMP response of the RFL-6 reporter cells varied in different experiments. The raise in cGMP evoked by supernatants from maximal active EA.hy926, HUVEC, and ECV-NIII-2 cells (incubated in arginine and stimulated with Ca-ionophore) was 92Ϯ14, 34Ϯ5, and 85Ϯ13 pmol/10 6 RFL-6 cells, respectively. In comparison, the cGMP content of RFL-6 cells incubated for 2 minutes with the NO donor Sin-1 (1 mol/L) increased by 307Ϯ26 pmol/10 6 RFL-6 cells.
Glutamine Induces a Partial Depletion of the Intracellular Arginine Pool II in EA.hy926 Cells
Our previous data have shown that the eNOS activity of EA.hy926 endothelial cells is not reduced by a 2-hour incubation in LS containing 1 mmol/L lysine, implying an intracellular arginine pool that is not freely exchangeable with the extracellular space (referred to as pool II). However, in the present study, we noticed a reduction in the eNOS activity of EA.hy926 cells incubated for shorter time periods in lysine-containing buffer ( Figure 1A ). This suggested a component of the cell culture medium (that is initially present in a sufficient high concentration and either consumed or washed out during the course of the experiment) to account for this difference. As glutamine is the most abundant amino acid in cell culture media, and glutamine has been shown to interfere with eNOS activity in endothelial cells from different sources (see Discussion), we tested if the substrate depletion of EA.hy926 cells was dependent on the presence of glutamine. In fact, when cells were incubated 2 hours before the experiment in DMEM without glutamine, no reduction of the eNOS activity was observed on a 30-minute incubation in lysine-containing buffer ( Figure 1B) . Likewise, the eNOS activity was still reduced in cells incubated for 2 hours in buffer supplemented with lysine plus glutamine ( Figure 1B) . Finally, the presence of glutamine during the 30 minutes lysine incubation caused an additional reduction of the eNOS activity ( Figure 2 ). In both, cells treated with lysine alone or in addition with glutamine, the residual eNOS activity was stable on five consecutive measurements, suggesting that the remaining arginine pool was efficiently replenished (Figure 2) .
Part of the Intracellular Arginine Pool II Seems to be a Recycling Pathway
In HUVECs, a reduction in eNOS activity was observed on a 30-minute lysine incubation similar to the one in EA.hy926 cells (compare Figures 3A and 3B , first two columns). This reduction was abolished by citrulline in both endothelial cell types, suggesting that part of the arginine pool II consists in recycling of citrulline to arginine and that citrulline was the limiting factor during the 30-minute lysine incubation (Figures 3A and 3B) . Addition of aspartate (the second amino acid needed for the initial recycling step) to the extracellular buffer did not change the eNOS activity. In ECV-NIII-2 cells, a 30-minute incubation in 1 mmol/L lysine led to a more pronounced reduction in the eNOS activity than observed in the endothelial cells. This reduction could not be reversed by citrulline alone or in combination with aspartate ( Figure 3C ).
System N Seems to be Responsible for the Partial Depletion of the Arginine Pool II by Glutamine
The glutamine and citrulline substitution experiments suggested that extracellular glutamine might interfere with the intracellular citrulline pool by an exchange mechanism mediated by a plasma membrane transporter. Glutamine is a substrate for a number of amino acid transport systems, that can be distinguished by their recognition of other neutral and in some cases also cationic amino acids (eg, the Na ϩ -dependent systems N, A, B 0 /ASC, B 0,ϩ and y ϩ L, and the Na ϩ -independent systems L and b 0,ϩ ; see review 13 ).
To find out which of these systems might be involved in the downregulation of eNOS activity, we analyzed prototypical substrates for each of these transport systems for their inhibitory action on the eNOS activity in lysine-incubated EA.hy926 cells. As observed for glutamine, eNOS activity was also further inhibited when histidine was present during 
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the 30 minutes preincubation with lysine ( Figure 4A ). When a second transfer was performed from the same cells (preincubated with lysine plus histidine) but with LS containing arginine or citrulline, the eNOS activity was indistinguishable from cells preincubated with arginine (data not shown). This demonstrates that histidine specifically interfered with the substrate supply of eNOS, eg, by limiting the citrulline store for the recycling reaction. Also like glutamine, histidine prevented the recovery of the eNOS activity during the 2-hour lysine incubation ( Figure 4A ). Asparagine had a smaller inhibitory effect than histidine and glutamine (data not shown). In contrast, ␣-(methylamino) isobutyric acid (MeAIB) (the model substrate for system A) and leucine (a substrate for systems B 0,ϩ , y ϩ L, L and b 0,ϩ ) had no influence on the eNOS activity ( Figures 4B and 4C ). The reduced eNOS activity observed after a 2-hour incubation with leucine plus lysine does not seem to be associated with the arginine supply, as it was also observed when leucine was combined with arginine (data not shown). Also, neither alanine, serine, or threonine (substrates for systems A, B 
System N Is Expressed in Endothelial Cells
The amino acids that had an influence on the eNOS activity in our experiments match the substrate profile of the system N transporter SN1. Initial experiments using conventional RT-PCR, showed a positive signal in both EA.hy926 cells and HUVECs (online Figure, available in the online data supplement at http://www.circresaha.org). Because so far no SN1 expression had been described in endothelial cells, we examined the SN1 expression by quantitative real-time RT-PCR. A positive signal was detected in RNA from EA.hy926 Figure and Table) . RNA from liver (the organ with the highest expression of SN1 14, 15 ) was used as control. When the amount of input liver RNA was correlated with the number of PCR cycles needed to reach the threshold for a positive fluorescence signal (C T values), the resulting straight line had a slope of Ϫ3.3, demonstrating an almost 100% efficiency of the RT-PCR (inset of online Figure) . Taking the C T values and the amount of input RNA into account, the expression level in EA.hy926 cells and HUVECs was, respectively, about 5000 and 1000 times lower then in liver (Table) . In contrast, the expression level of GAPDH (assayed in parallel experiments as a control) was about the same in all RNAs tested (Table) . Taken together, these results demonstrate a moderate expression of SN1 in endothelial cells.
cells and HUVECs, but not from ECV-NIII-2 cells (online
Glutamine and Citrulline Are Mutually Exchanged in EA.hy926 Cells
To determine if there was indeed an exchange between citrulline and glutamine in EA.hy926 cells, we measured intracellular amino acid concentrations in cells preincubated in arginine, lysine alone, or in combination with citrulline or glutamine. In fact, cells preincubated for 30 minutes in lysine plus citrulline had significant lower glutamine concentrations than cells incubated in lysine (or arginine) alone ( Figure 6A) . Similarly, cells preincubated for 30 minutes in lysine plus glutamine had lower citrulline concentrations than cells incubated in lysine (or arginine) alone ( Figure 6B ). The intracellular citrulline concentrations were, however, two orders of magnitude lower than the glutamine concentrations and just at the detection limit. The individual measurements had therefore larger variations and the difference between the experimental groups was not significant. Cells preincubated for 30 minutes in lysine plus citrulline had 6-fold higher intracellular arginine concentrations than cells incubated in lysine alone or in lysine plus glutamine ( Figure 6C ). These data support our hypothesis that citrulline is the limiting factor for arginine synthesis during the 30-minute lysine incubation, and that the arginine generated from citrulline is not subject to an exchange with extracellular lysine.
Protein Breakdown Is a Major Source for Arginine in Pool II
Even under conditions where the exchangeable arginine was depleted by extracellular lysine and the recycling of citrulline to arginine was inhibited by extracellular substrates of system N, a residual eNOS activity of 30% to 50% was observed in endothelial cells. Besides citrulline recycling, no other biosynthesis pathway for arginine is known. Hence, we wondered, if part of the arginine in pool II might derive from protein breakdown. Indeed, the residual eNOS activity was completely abolished, when cells were incubated in LS containing lysine, glutamine, and the proteasome inhibitor MG132 (Figure 7 ). This inhibition was completely reversed by addition of extracellular arginine.
Discussion
There are three major conclusions that can be drawn from our study. First, an arginine pool II that is accessible to eNOS, but 
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not exchangeable with extracellular lysine has only been found in endothelial cells (cells from the HUVEC-derived permanent line EA.hy926 and in primary HUVECs). In contrast, eNOS expressed in the nonendothelial cell line ECV304 was depleted of substrate by lysine incubation. The eNOS accessible pool II seems therefore to be cell-type specific. Second, one part of pool II in endothelial cells seems to consist of citrulline to arginine recycling. The recycling part of pool II (referred to as pool IIA) can be replenished by citrulline and can be depleted by substrates of the system N transporter SN1 (glutamine, histidine, and asparagine), but not by other neutral or cationic amino acids. Third, the remaining part of pool II (referred to as pool IIB) cannot be depleted by any of the cationic or neutral amino acids tested. However, compound MG132, an inhibitor of proteasomes, 16 completely abolished endothelial NO production under these conditions. This strongly suggests that the arginine in pool IIB is provided by protein breakdown. Also, the endogenous NOS inhibitor ADMA (which derives from proteolysis) is likely to accumulate primarily in this pool. A reduction of eNOS activity by glutamine has been described in a number of in vitro and in vivo studies using rabbit aortas, rat cerebral vessels, bovine aortic, and venular and human microvascular endothelial cells. [17] [18] [19] [20] The glutamine inhibition seems therefore a general principal in endothelial cells. However, the other SN1 substrates have not been investigated in these analyses. The initial hypothesis that glutamine inhibited the first recycling step catalyzed by ASS 21 was ruled out by later in vitro studies with endothelial lysates showing no interference of glutamine with either of the two consecutive recycling steps. 20 The glutaminemediated inhibition of [
14 C]arginine formation from extracellularly applied [ 14 C]citrulline, observed in the earlier study, 21 can also be explained by an interference of glutamine with [
14 C]citrulline transport, because no distinction was made between intra-and extracellular citrulline. In fact, Wu and Meininger 20 demonstrated that glutamine competes with citrulline uptake in endothelial cells, supporting our current hypothesis that the two amino acids are substrates for the same transporter. The same authors suggested later that glutamine in order to act as an inhibitor needs to be metabolized to glucosamine and reduce intracellular concentrations of NADPH, a cofactor of eNOS. 22 However, our observation that histidine exerts the same inhibitory action argues against this hypothesis because histidine does not undergo the same metabolism as glutamine. Also neither glutamine nor histidine had an inhibitory effect on argininereplete cells in our experiments. This would have to be expected if a co-factor of eNOS was rate limiting. Su and Block 23 found that glutamine increased the inhibition of citrulline to arginine recycling in porcine pulmonary artery endothelial cells induced by exposure of the cells to longterm hypoxia (4 to 24 hours). This suggests that glutamine might also have an effect on the stability of the recycling enzymes. However, this should not have played a role in the short time exposure to glutamine and histidine applied to the cells in our experiments. The effect of the SN1 substrates on the recycling pool IIA are therefore most likely due to an exchange of these substrates against intracellular citrulline thereby accelerating the citrulline efflux, a process termed trans-stimulation. The expression of SN1 in endothelial cells and the mutual exchange of citrulline and glutamine, shown by HPLC analysis, support this hypothesis. For that reason, we hypothesize that it is rather the extracellular than the intracellular glutamine that mediates the inhibitory action on the recycling pathway. How thus can the reduced eNOS activity during the 30 minutes lysine incubation (without additional glutamine) be explained? We found that glutamine (derived from the glutamine-loaded cells) accumulated in the extracellular buffer and thus might have served as trans-stimulator for the intracellular citrulline (data not shown). The free amino group in the side chain of citrulline makes it a candidate substrate for system N. In rat, mouse, and human, SN1 has so far only been described as an influx and efflux transporter for the proteinogenic amino acids glutamine, histidine, and asparagine with preference for glutamine and histidine and a lower affinity to asparagine. 14, 24 This substrate profile fits very well with the inhibition profile in our experiments. It is different from the substrate profile of all other known glutamine transporters (including SN2 that also transports serine). Although a moderate transport activity of SN1 for alanine has also been described in all three species, our inhibition experiments (that showed no effect of alanine) might not be sensitive enough to detect this activity. Transport studies with overexpressed SN1 will be necessary to proof if citrulline is in fact a substrate for SN1 and if SN1-mediated citrulline transport is subject to trans-stimulation. For both, pool IIA and IIB, it must be postulated that the arginine-generating enzymes are closely coupled to eNOS, because the generated arginine is not subject to exchange with extracellular lysine in spite of the presence of CAT-1 and 4F2hc/y ϩ LAT2. 4, 5 In fact, a colocalization of eNOS with the arginine-recycling enzymes argininosuccinate synthetase and lyase (ASS and ASL, respectively) in the plasmalemmal caveolae fraction has recently been shown in bovine aortic endothelial cells. 25 The absence of pool II in ECV-NIII-2 cells might thus be explained by a lack of either the arginine-generating enzymes or the coupling of the enzymes to eNOS. Heterologous expression of eNOS in different Figure 6 . Interrelation of extra-and intracellular arginine, glutamine, and citrulline concentrations in EA.hy926 cells (HPLC analyses). Twoday confluent cells were preincubated for 0.5 or 2 hours in LS supplemented with 1 mmol/L of the indicated amino acids. The cells were then washed 3 times in ice-cold PBS and amino acids were extracted with 70% ethanol. HPLC analyses of the indicated amino acids were performed as detailed in the Materials and Methods section. Intracellular amino acid concentrations were calculated from the amino acid content of the cells measured by HPLC, the cell volume of EA.hy926 cells (determined in a previous study 3 : 94Ϯ16 fL) and the cell number (meanϮSEM, nϭ4 to 7 with 2 replicates each; one-way ANOVA with Bonferroni post hoc test). nonendothelial cells will serve as a useful tool to dissect the arginine generating and the coupling mechanisms.
Values for Threshold Cycles (C T ) Obtained in Real-
Our results demonstrate that the substrate supply of eNOS is not only dependent on the activity of transporters for cationic amino acids such as CAT-1 or 4F2hc/y ϩ LAT2, but also on a transporter for neutral amino acids, most likely SN1. The contribution of the different arginine pools as the substrate source for eNOS must be dependent on the amino acid composition of the extracellular fluid. It remains thus to be elucidated which of the substrate pools is used by eNOS under normal and pathophysiological conditions. It is also intriguing to speculate that the phosphorylation status of eNOS, its association with other proteins, or its subcellular localization might influence the usage of the different pools.
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